Methods for the in vitro production of mouse mammary tumor virus (MMTV), a type B retrovirus (5), have been described by several investigators (3, 7, 10, 12, 13, 15, 19, 24, 27, 28) . These systems are generally not suitable, however, for continuous large-scale virus production due to a relatively limited culture life, insufficient levels of MMTV production, or elevated levels of endogenous type C retrovirus expression. We describe here a sy,stem for the continuous largescale propagation of MMTV developed by the modification of one of these procedures (3) utilizing dexamethasone-stimulated, C3H mammary adenocarcinoma-derived Mm5mt/cj (Mm5) cells (19) . In addition, procedures for the purification and concentration of MMTV from tissue culture fluids are described.
MMTV-producing cultures of murine origin have been shown to express generally low but varying levels of endogenous type C virus (10, 13, 27) . Evaluation of various biochemical and immunological techniques for the detection and quantitation of this expression, which is minimal in the Mm5 production scheme outlined, is discussed. Additionally, tissue culture methods for the enhancement of murine leukemia virus (MuLV) expression from Mm5 cells are outlined, as are techniques for partial MuLV-MMTV separation.
MATERIALS AND METHODS Cell culture. The Mm5 cell line was derived by Owens and Hackett (19) as an MMTV-producing clone from cultures of a C3H murine adenocarcinoma and was received from D. Fine, Frederick Cancer Research Center. Species confirmation by karyology (W. Nelson-Rees, Naval Biological Labs) and immunofluorescence (C. Stulberg, Child Research Center of Michigan) was obtained. The line was determined to be free of mycoplasma (R. DelGuidice, Frederick Cancer Research Center), bacteria, and fungi. Additionally, mouse antibody production testing (J. Parker, Microbiological Associates) confirmed the absence of contaminating mouse viruses (4) . Cells were grown at 34°C essentially as described previously (7) . Cells were maintained on Eagle minimal essential medium with Dulbecco salts (high glucose, 4,500 mg/liter), pH 7.2, supplemented with 10% fetal bovine serum (heat inactivated at 56°C for 30 min) and 2 mM glutamine. Antibiotics included in the growth medium were penicillin (200 U/ml) and streptomycin (200,ug/ml). Additionally, when cells were seeded for virus production, dexamethasone (Sigma) was incorporated in the growth medium, at a 10-5 M concentration; insulin was not employed.
All virus production was achieved from Mm5 cultures at the same passage level (passage 26) by the use of large frozen stocks of cells. Cells were recovered from liquid nitrogen at passage 23 and expanded through the next 3 passages such that, within 21 RIA. Endogenous MuLV expression was quantitated by a competition radioimmunoassay (RIA) (2).
R-MuLV p30, obtained through the Office of Program
Resources and Logistics, National Cancer Institute, was labeled to high specific activity with 125I (Amersham, 11 to 17 mCi/ag) by the choramine T method (9) . Dilutions of virus samples, with a total protein VOL. 37, 1979 150 BENTON ET AL. content of 1 to 1,000 ng, were incubated for 3 h at 37°C with a 1:5,000 dilution of goat anti-R-MuLV p30. Approximately 15,000 cpm of '25I-R-MuLV p30 was added per reaction tube, followed by incubations of 3 h at 37°C and 16 h at 4°C. Precipitation of reaction complexes was accomplished with rabbit anti-goat immunoglobulin G (Miles Laboratories). Samples were then pelleted at 1,500 x g for 60 min in a Sorvali GLC-2 centrifuge with an HL-4 rotor equipped with an OmniCarrier. Pellets were washed once with TNE containing 0.5% bovine serum albumin and counted in an Amersham/Searle gamma counter.
RESULTS
Cell culture. To insure as much reproducibility as possible in the production of MMTV, Mm5 cultures of the same passage level (passage 26) were employed for each production run. To achieve this, seed stocks of 60 to 100 ampoules were stored in liquid nitrogen at passage 23; these stocks were generated from master stocks frozen at passage 20 RT stability. The effects of storage at 40C on RT activity of harvested fluids was determined. This information enabled proper pooling of harvests to afford maximal recovery of RT activity in final purified products. By daily assaying 100X direct pellet samples of material held at 40C, it was found that MMTV RT activity was quite stable for at least 96 h in harvested tissue culture fluids (Table 2) .
Density determination. Fluids harvested from Mm5 cultures incubated in the presence of radioisotopically labeled protein and RNA precursors were repeatedly found to contain material exhibiting coincident peaks of radioactivity at an average density of 1.175 g/cm3 in sucrose (Fig. 2) . Immunoprecipitin tests were utilized to demonstrate the presence of MMTV p27 coincident with labeled material.
Virus purification. Single lots for purification purposes consisted of four consecutive harvests resulting in 120-liter pools. Typical sucrose gradient and UV absorbance profiles obtained from the model K-Il zonal ultracentrifuge resulted in a 280-nm optical density maximum of 1.5 optical density units centered at approximately 38% sucrose. Assays of the gradient fractions for RT activity revealed a single peak of enzyme activity corresponding to the peak UVabsorbing material (Fig. 3) . The virus zone (usually four to six fractions of 100 ml each), ranging in density from 1.15 to 1.20 g/cm3, was pooled for further processing. This pool contained approximately 90% of the RT activity found in the gradient. Clearance efficiency of MMTV from tissue culture fluids was confirmed by electron microscopy. In addition, primary banding resulted in a 200-to 300-fold concentration of virus concurrent with an approximately 8,000-fold re- utilized to prevent cell debris and soluble proteins, represented by the bulk of the UV-absorbing material present in the low-density end of the Ti-15 gradient, from banding with the faster sedimenting virus particles. Assays of gradient fractions for RT activity revealed a major peak of enzyme activity, representing over 90% of the total activity found in the gradient, coincident with the peak of UV absorbance found at approximatley 38% sucrose (Fig. 4) . By utilizing this purification protocol, a 1,000-fold concentration of MMTV particles (120-liter pool reduced to a product lot of 120 ml) and an approximately 16 ,000-fold reduction in total protein (from 8 mg/ml in tissue culture fluids to about 0.5 mg/ml in 1,OOOx products) were obtained with minimal resultant loss of biochemical or biophysical activity.
Product characterization. Electron microscopic quantitation of double-banded, 1 (Table 3) . SDS-PAGE profiles evidenced the characteristic proteins (gp52, gp36, p27, p14, plO) descriI,ed for MMTV (25, 29) , with an excellent recovery of gp52 relative to p27 (Fig. 6) .
Endogenous MuLV: cell culture. Those conditions which resulted in poor plating efficiency or premature culture retraction were found to correlate with increased expression of endogenous Mm5 MuLV. When passing cells, it was imperative to completely disperse them into single cell suspensions to achieve a plating efficiency and distribution that insured even sheeting and prolonged culture life. When passage resulted in clumping, cultures tended to proliferate extensively around these clumps and retract from the growth surface prematurely. Proper plating was achieved by constantly agitating cell suspensions before seeding and by employing medium acidified to pH 6.8 with C02. It was also found that although Mm5 culture plating could be achieved satisfactorily in glass roller bottles, prolonged monolayer adhesion could only be accomplished with polystyrene I- bottles. Cultures on glass rarely adhered longer than 2 weeks, whereas polystyrene cultures routinely maintained monolayer integrity for 50 days or longer. To achieve highly elevated levels of MuLV from Mm5 cultures, cells were stressed by rapid passage at low split ratios and elevated temperature. By passing cultures every 3 to 4 days at culture density ratios of parent to daughter of 1, within 10 passages from seed stocks (frozen at passage 22) , cultures grown at 39°C instead of 34°C were producing significant levels of MuLV.
Competition of Mm5 concentrates in the RMuLV RIA increased from undetectable levels at passage 24 to over 30% by passage 32. Culture morphology during this passage series converted from predominantly epithelial to virtually completely fibroblastic.
Endogenous MuLV: detection and quantitation. Because of the different cation preferences of type B (Mg2"-preferring) and type C (Mn2+-preferring) retrovirus polymerase enzymes, it was postulated that a ratio of the RT activities observed in the presence of these cat-VOL. 37, 1979 (Fig. 7) . A minimum of 400 ng of MMTV with a specific activity of approximately 60 pmol/,ug per h was required for this assay. When less than this amount was employed, the Mg2+-to-Mn2+ ratio decreased, indicating that it cannot be used at these lower levels for accurately detecting MuLV expression (Fig. 8) .
By using a homologous R-MuLV p30 versus whole virus competition RIA system, endogenous Mm5 MuLV was capable of competing to about 60% of the level of the homologous RMuLV. The assay was capable of detecting as little as 2 ng of MuLV protein (Fig. 9) with an Mg2e-to-Mn2" RT ratio above 10 were negative by these assays. Not until the polymerase ratio approached 5 (2 to 5% MuLV by RIA) were MuLV antigens detected in these assays. Endogenous MuLV: purification and separation. Fluids harvested from MuLV-producing Mm5 cultures incubated in the presence of [3H]uridine were found to contain a peak of radioactivity at a density of 1.15 g/cm3 in sucrose, in addition to the major peak of 1.175 g/cm3 (Fig. 11) . Immunoprecipitin tests were utilized to demonstrate the presence of MuLV crose gradient was employed, designed so that MMTV particles would band at the lower interface (densities from 1.17 to 1.21 g/cm3) and the MuLV particles would band at the upper interface (densities from 113 to 1.17 g/cm3). After centrifugation, the material banding at each interface was collected and assayed. Each pool contained MMTV p27 and MuLV p30 by immunoprecipitin analysis. However, relative core antigen content was density dependent, with the concentration of p30 enhanced at the upper interface and p27 enhanced at the lower, indicating a partial separation of the corresponding particles. In an effort to effect a large-scale separation of the virus particles, the virus zone from a Ti-15 zonal run that contained both particle types was layered on a similar three-step gradient. The UV absorbance profile obtained after isopycnic banding indicated a separation of two populations of particles at densities approximating those of MMTV and MuLV particles (Fig. 12) . Analysis of the zones confirmed that a partial separation of the particle types had been effected, with approximately 90% of the particles banding in their respective density zones, based on immunoprecipitin analysis and electron microscopy. A more precise determination of clearance efficiency might be obtained by adding radiolabeled pure type C virus to an unlabeled, type C-free MMTV preparation before purification efforts.
DISCUSSION
Methods have been developed for the largescale production and purification of MMTV from Mm5 cultures. The established cell culture protocols, in which frequent multiple harvests could be obtained from the same cultures, have resulted in high levels of uniformity from lot to lot. Also contributing to product reproducibility was the practice of initiating each production run from frozen cells at the same passage level. By avoiding continuous passage and thus using relatively low passage cells, the probability of spontaneous type C expression was kept to a minimum (1, 18) . Purification and concentration protocols developed have resulted in the efficient recovery of MMTV particles from culture fluids with minimal resultant loss in biochemical, biophysical, or immunological integrity. Moreover, methods have yielded products of homogeneous MMTV particles, as evidenced by several biochemical and immunological criteria. Endogenous MuLV expression could readily be induced in Mm5 cultures, an event similarly described for type C viruses from other cell lines (1, 11, 18) . The parallel change observed in culture morphology to a transformed-like, more fibroblastic state has similarly been reported for other cells (11, 30) . However, when propagated as described, Mm5 cultures were found to produce very little (if any) MuLV, whereas glucocorticoid-stimulated MMTV production was consistently quite high.
Comparative analysis of several immunological and biochemical assays for the detection and quantitation of MuLV in MMTV preparations indicated that competition RIA was by far the most sensitive method. MuLV detection based on RT cation preference was found to be more sensitive than ID, CF, or SDS-PAGE.
The protocols described have been utilized to produce over 25,000 liters of MMTV-containing Mm5 fluids from 22 production runs. After purification and concentration, over 225 resultant product lots have been found to be free of detectable MuLV while containing high levels of MMTV.
